A number of models of motion perception include estimates of eye velocity to help compensate for the incidental retinal motion produced by smooth pursuit. The 'classical' model uses extra-retinal motor command signals to obtain the estimate. More recent 'referencesignal' models use retinal motion information to enhance the extra-retinal signal. The consequence of simultaneously adapting to pursuit and retinal motion is thought to favour the reference-signal model, largely because the perception of motion during pursuit ('perceived stability') changes despite the absence of a standard motion aftereffect. The current experiments investigated whether the classical model could also account for these findings. Experiment 1 replicated the changes to perceived stability and then showed how simultaneous motion adaptation changes perceived retinal speed (a velocity aftereffect). Contrary to claims made by proponents of the reference-signal model, adapting simultaneously to pursuit and retinal motion therefore alters the retinal motion inputs to the stability computation. Experiment 2 tested the idea that simultaneous motion adaptation sets up a competitive interaction between two types of velocity aftereffect, one retinal and one extra-retinal. The results showed that pursuit adaptation by itself drove perceived stability in one direction and that adding adapting retinal motion drove perceived stability in the other. Moreover, perceived stability changed in conditions that contained no mismatch between adapting pursuit and adapting retinal motion, contrary to the reference-signal account. Experiment 3 investigated whether the effects of simultaneous motion adaptation were directionally tuned. Surprisingly no tuning was found, but this was true for both perceived stability and retinal velocity aftereffect. The three experiments suggest that simultaneous motion adaptation alters perceived stability based on separable changes to retinal and extra-retinal inputs. Possible mechanisms underlying the extra-retinal velocity aftereffect are discussed.
Introduction
Activities like walking and moving the eyes are responsible for creating most of the motion contained in visual images. Sometimes this motion is useful, such as the trademark flow patterns produced by self-motion (Gibson, 1950; Koenderink, 1986) . At other times the incidental retinal motion does little more than obscure the visual information we seek. Examples of the latter include drifts in fixation that continually occur in normal viewing (Murakami & Cavanagh, 1998) , repetitive eye movements exhibited by individuals with congenital nystagmus (Leigh, Dell'Osso, Yaniglos, & Thurston, 1988) and steady changes in gaze that accompany smooth pursuit eye movements (Wertheim, 1994) . The visual system has developed a number of different strategies and compensation mechanisms to deal with the unwanted image motion. Some are based exclusively on retinal information, typically making use of spatial redundancies contained in retinal motion created by eye movement (Murakami & Cavanagh, 1998; Rieger & Lawton, 1985; Rushton & Warren, 2006) . Others use more explicit information about eye movement, effectively turning retinal motion into head-centred motion by adding estimates of eye velocity and retinal velocity.
There is some debate about how the visual system estimates eye velocity. The classical model proposes the estimate is based on extra-retinal signals emanating from the motor system (Bedell & Currie, 1993; Freeman & Banks, 1998; von Holst, 1954) . Support for this idea comes from single-cell recordings in the medial temporal superior area (MST), one of the key motion processing regions in the cortex. MST receives extra-retinal input during both eye and head movements (Ilg, Schumann, & Thier, 2004; Ono & Mustari, 2006; Thier & Erickson, 1992) and retinal input from earlier stages of image-motion processing (Maunsell & van Essen, 1983) . Some cells in this area also exhibit head-centred receptive fields, suggesting that MST is a good candidate for transforming retinal motion into other coordinate frames (Bradley, Maxwell, Andersen, Banks, & Shenoy, 1996) .
It is unclear from the neurophysiology, however, whether the visual system's estimate of eye velocity is exclusively extra-retinal. Pursuit creates a particular pattern of retinal motion, so assuming the visual system can isolate this component in some way, additional retinal input could potentially form a more robust estimate of eye velocity by combining retinal and extra-retinal estimates. Retinal motion might therefore help to provide its own compensation, creating what has been described as a 'strange-loop' (Wertheim, 1994) . This is one characteristic of the reference-signal model, where eye velocity estimates are based on both retinal and extra-retinal inputs (Brenner & van den Berg, 1994; Crowell & Andersen, 2001; Goltz, DeSouza, Menon, Tweed, & Vilis, 2003; Haarmeier, Bunjes, Lindner, Berret, & Thier, 2001; Heckmann & Post, 1988; Pack, Grossberg, & Mingolla, 2001; Raymond, 1988; Turano & Massof, 2001; Wertheim, 1994) .
Three pieces of evidence are thought to support the reference-signal model. The first concerns the way perceived motion is influenced by stimulus properties such as duration, spatial frequency, contrast and eccentricity. Each alters perceived motion during pursuit and so, according to the argument, demonstrate changes to a putative reference signal (de Graaf & Wertheim, 1988; Post & Leibowitz, 1985; Raymond, 1988; Raymond, Shapiro, & Rose, 1984; Wertheim, 1987) . However, these types of stimulus manipulation also affect perceived motion when the eye is stationary. It is therefore unclear how this evidence counters the classical model, which argues that manipulating the stimulus alters the retinal input to the compensation mechanism (Freeman & Banks, 1998; . A second piece of evidence concerns the way perceived motion changes with pursuit and retinal speed. The data suggest some complex nonlinearities which can be modelled using a reference-signal mechanism (Turano & Massof, 2001) . Again, however, the data can be modelled in the classical way, with retinal and extra-retinal inputs to the compensation mechanism subject to specific nonlinear distortions (Freeman, 2001) . It turns out the difference in goodnessof-fit between the two models is too small to be decisive (Freeman, 2001; Souman, Hooge, & Wertheim, 2006) .
Potentially more telling is a third piece of evidence. This centres on the consequences of adapting observers to pursuit eye movement in one direction and retinal motion in the other (Crowell & Andersen, 2001; Haarmeier & Thier, 1996 Haarmeier et al., 2001; Tikhonov, Haarmeier, Thier, Braun, & Lutzenberger, 2004) . This type of simultaneous motion adaptation produces substantial changes in the perceived stability of stationary surfaces during pursuit, changes that depend on the relative speed between adapting pursuit and adapting retinal motion. Perceived heading is affected in a similar way. Crucially, simultaneous motion adaptation produces no standard motion aftereffect (MAE)-a stationary surface viewed without pursuit does not appear to move (Crowell & Andersen, 2001; Haarmeier et al., 2001; Haarmeier & Thier, 1996) . The absence of MAE has been taken as evidence the retinal input to the compensation mechanism is unaffected. Rather, adaptation is at the level of a composite reference signal, one that combines retinal and extra-retinal signals to estimate eye velocity (Crowell & Andersen, 2001; Haarmeier et al., 2001; Haarmeier & Thier, 1996) .
While elegant, this argument overlooks two important points. The first is that pursuit in the absence of retinal motion gives rise to an extra-retinal MAE (Chaudhuri, 1991a (Chaudhuri, , 1991b Freeman & Sumnall, 2005) . Adapting to eye movement in one direction and retinal motion in the other could therefore produce two 'component' MAEs that cancel one another out but nevertheless lead to changes in perceived stability. The second point is that in order to predict perceived motion or perceived heading during pursuit, one needs to understand the way retinal and extra-retinal motion mechanisms encode the speed of moving stimuli in a particular direction. To explain the effects of simultaneous motion adaptation, therefore, one needs to understand how the various speed estimates that input to the stability computation are affected by adaptation. Measuring the MAE by presenting stationary stimuli does not directly reveal this.
Here, I show that simultaneous motion adaptation gives rise to large changes in perceived retinal speed, termed a velocity aftereffect (Hammett, Champion, Morland, & Thompson, 2005; Thompson, 1981) . Although retinal velocity aftereffects have been known about for sometime, the current experiments suggest that adapting to eye movement also produces a separate extra-retinal velocity aftereffect. A classical model is proposed in which these two types of velocity aftereffect combine to shift perceived stability in a way that depends on their relative strength.
Experiment 1: Perceived stability and the retinal velocity aftereffect
Experiment 1 consisted of two phases. In the perceivedstability phase I used a nulling technique to measure perceived velocity during pursuit. Perceived stability was defined as the stimulus velocity that produced a subjectively stationary stimulus with respect to the head. The method followed the procedure outlined by Haarmeier et al. (2001) , including the 'motion-balancing' of pursuit and retinal motion (see below). Any one measurement ses-sion therefore consisted of a series of brief adaptation trials interleaved between test trials (see Fig. 1a ). In the second velocity-aftereffect phase I investigated whether simultaneous motion adaptation gives rise to retinal velocity aftereffect. This was assessed using a speed-matching technique, in which the speed of an upper 'match' stimulus was compared to the speed of a lower 'test' stimulus (see Fig. 1b) . To legitimise the comparisons between the two phases of the experiment, the same stimulus configuration was used in both, even though the upper patch was not explicitly relevant to the perceived-stability judgement. This method was preferred to a more awkward technique that only presented upper and lower patches in the test trials of the velocity-aftereffect phase. The stimulus arrangement for the perceived-stability phase therefore differed markedly from that used by Haarmeier et al. (2001) . Despite this, simultaneous motion adaptation affected perceived stability in similar ways.
Adaptation trials contained pursuit and retinal motion moving in opposite directions but at different speeds (observers still judged motion during adaptation trials but the responses were discarded). Critically, the adaptation was 'motion-balanced'. Thus, on some adaptation trials pursuit was to the left and retinal motion to the right, whereas in others pursuit was to the right and retinal motion to the left (see Fig. 1a ). This type of unbiased motion-balancing means that within in any one measurement session, observers experienced equal amounts of left and right pursuit adaptation and equal amounts of right and left retinal motion adaptation. It is important to emphasise that motion-balancing does not refer to the relationship between pursuit and retinal motion but rather the counterbalancing of pursuit directions on the one hand and retinal motion directions on the other. Motion-balancing eliminates the standard (retinal) MAE and is one reason why stimulus motions are usually counterbalanced in other areas of motion psychophysics. It is also the reason Haarmeier et al. (2001) used the technique in their experiments. However, in anticipation, motion-balancing does not eliminate the velocity aftereffect and so, contrary to previous claims, does not eliminate changes to retinal and extra-retinal motion signals.
Methods

Stimuli
Stimuli were created in OpenGL and rendered by a Radeon 9800 Pro graphics card. They were displayed on a ViewSonic P225f monitor at a frame rate of 100 Hz. To eliminate phosphor glow and dot trails, red dots were displayed on a black background and viewed through a red gel that covered the screen. Gamma correction was achieved using standard techniques. Viewing was binocular from 57 cm in a completely darkened lab. A small nearinfrared light source was visible from the head-mounted eye tracker but was low luminance and appeared in the far periphery at all times.
Stimuli consisted of dots (0.1°radius, density of 1 dot/ deg 2 ) randomly positioned within an upper circular 'match' window (2.5°radius) and lower rectangular 'test/adapt' window (5°high and 25°wide-see Fig. 1b ). This configuration was identical for both adaptation and test trials and appeared in both perceived-stability and velocity-aftereffect phases of the experiment. Windows were defined in software and had a vertical centre to centre separation of 8°. A fixation target (0.2°radius) appeared between them. The motion of the two windows and the target were yoked so they always moved at the same velocity (or were stationary when pursuit speed was 0). Dots moved independently of target and windows. All motion was horizontal.
On each trial the target appeared for 500 ms either left, right or centre depending on the type of eye movement called for. The target then moved for 2000 ms in total. Dots appeared for 400 ms in the central portion of the target's sweep, with a smooth luminance ramp used to fade the dot pattern on and off over the first and last 100 ms. were interleaved with test trials with a probability of 0.7 and 0.3, respectively. The schematic depicts 'motion-balancing', in which adaptation directions consist of rightward pursuit and leftward retinal motion on some trials and leftward pursuit and rightward retinal motion on others: (P, R) adapt = (+, À) or (À, +), respectively. The dotted arrows indicate that stimulus velocity S in test trials was determined by a staircase procedure. (b) Stimulus configuration. The dotted lines indicate software-generated windows through which the dots were viewed. The windows always moved at the same velocity as the fixation/pursuit target.
Procedure
Perceived-stability phase-Test and adaptation trials were interleaved at random, with the probability of appearance being 0.3 and 0.7, respectively. Following each trial observers judged whether the lower 'test/adapt' stimulus appeared to move to the left or right with respect to the head (judgements from adaptation trials were discarded). The task was equivalent to judging the motion as it appeared on the screen, though note the frame of monitor and background was invisible. Observers were told to ignore the upper circular patch of dots. Though this played no explicit role in the measurement of perceived stability, the patch was included to equate stimulus configuration with the second velocity-aftereffect phase (a control experiment was subsequently run to investigate whether removing the upper patch affected perceived stability). The patch moved at the same velocity as the pursuit target throughout the experiment.
In test trials, the velocity (S) of the lower stimulus was determined by two randomly-interleaved 1-up 1-down staircases. These yielded the test velocity at which the stimulus appeared stationary to the observer (the null point or 'point of subjective stationarity'). Velocity was adjusted using linear steps so that the stimulus could be moved in different directions on the screen. Staircases terminated after eight reversals, with the null point taken as the mean across the final six. Each observer completed three replications of each condition.
One baseline and two adaptation conditions were investigated. These were presented in randomised blocks. The baseline condition consisted of test trials interspersed with 'adaptation' trials. The latter displayed a static fixation target and stationary dots in both upper and lower patches. In shorthand, (P, R) test = (+13.5, S) and (P, R) adapt = (0, 0), where P and R stand for pursuit and retinal velocity, respectively (all velocities are reported in°/s; positive velocities correspond to movement to the right, either 'on the retina' or 'on the screen'). Test trials in the two adaptation conditions were identical to those in the baseline. Adaptation trials consisted of simultaneous combinations of pursuit and retinal motion that were motion-balanced. Following Haarmeier et al. low and high retinal speeds were investigated. The low-speed condition consisted of adaptation trials containing (P, R) adapt = (+13.5, À4.5) mixed with (P, R) adapt = (À13.5, +4.5). The high-speed condition consisted of (P, R) adapt = (+13.5, À25.5) mixed with (P, R) adapt = (À13.5, +25.5).
Velocity-aftereffect phase-Adaptation trials were the same as that shown in the perceived-stability phase of the experiment. The test trials differed in that they consisted of a stationary fixation target: (P, R) test = (0, S). Hence, both upper and lower dot patterns moved behind static windows. The two interleaved staircases adjusted the speed of the upper match stimulus until it matched the perceived speed of the lower test stimulus. Speed adjustments were based on a logarithmic scale to avoid changes in direction.
To assess the velocity aftereffect the test stimulus needed be moved at a particular speed. This was based on individual retinal speeds obtained at the baseline in the perceivedstability phase, using each observer's measured eye movements to fine-tune the test speeds used (the speeds were 6.5, 5, 5, 3, 2, 1°/s). This is not a trivial matter. Hammett et al. (2005) describe a complex relationship between adapt speed and test speed (see also Thompson, 1981) . Had all observers been run at the same test speed in the velocityaftereffect phase, the effect of simultaneous motion adaptation on each individual's baseline perceived-stability setting may have been obscured. This is especially true for the slower retinal adapt speed of 4.5°/s. For one observer this adaptation speed was slower than the retinal speed at their null point, for some this was about the same speed and for others somewhat faster.
The velocity-aftereffect phase was run after all measurements from the perceived-stability phase were completed. To ensure compatibility between the two phases, the retinal direction was always leftward throughout the velocityaftereffect phase. Retinal-only adaptation (containing no pursuit) was also investigated in the same experiment, as this most directly assesses any changes to retinal speed estimates. To avoid unnecessary replication, the baseline condition (P, R) adapt = (0, 0) was run only once. The velocityaftereffect phase of Experiment 1 therefore consisted of 5 separate conditions.
Eye-movement analysis
Eye movements were recorded in all experiments apart from the velocity-aftereffect phase of Experiment 3. Observers wore a head-mounted video-based eye tracker (ASL Series 5000) that sampled eye position at 60 Hz. Each replication of the experiment consisted of an initial set-up and calibration phase, in which a 3-by-3 grid of points was used to map degrees of visual angle on to the eye tracker's internal position units. Position records were then lowpass filtered using custom software and a time derivative taken. Eye movement accuracy was based on the speed recorded during the 200 ms period the dot pattern was visible. Saccades were detected using a velocity threshold criterion. If they occurred during the 200 ms period, the trial was discarded from the analysis.
Observers
Four, five or six observers participated in the experiments (indicated in the figures). One of these was the author. The other observers were naïve to the hypotheses and all had normal or correct-to-normal vision. Two of the observers were rewarded for their participation.
Results and conclusions
2.2.1. Perceived stability Fig. 2a plots the results from the current experiment together with data from Haarmeier et al. (2001) (taken from their Fig. 3a, centre bars) . Both data sets suggest that the effect of adaptation depends on the relative speed between pursuit and retinal motion-when retinal speed is slower, the null-point goes up and when faster it goes down. As in Haarmeier et al.'s experiment, there was no evidence that simultaneous motion adaptation changed pursuit accuracy (mean pursuit gains of 0.85 (SE = 0.07), 0.89 (SE = 0.04), 0.85 (SE = 0.06), respectively).
A one-way ANOVA confirmed a significant effect of adaptation (F(2, 5) = 11.67, p = .002). Post hoc t-tests (two-tailed) on the three possible pairwise comparisons showed only the difference between the two adaptation conditions was significant (t(5) = 2.25, p = .003). The statistical difference between baseline and the slower adapting retinal speed was borderline (t(5) = À2.55, p = .051), as was the difference between baseline and the faster retinal speed (t(5) = 2.32, p = .068). It is possible that averaging over the last six reversals of each staircase diluted the effect of adaptation. However, re-analysis revealed little change when the average was taken over the last two reversals.
Haarmeier et al. only reported the statistical comparison between the two adaptation conditions and so on that basis the results of Experiment 1 replicated their effect. How well the two other borderline differences compare is difficult to Fig. 2. (a) The effect of simultaneously adapting to pursuit eye movement (P) and retinal motion (R) on perceived stability. Mean null points for six observers are plotted as a function of adapting velocities for the current study (closed symbols) as well as Haarmeier et al.'s (2001) (open symbols). The dotted error bar in the latter data set indicates the baseline variability has been estimated from the other error bars reported in that study. The reversal of signs '+/À' and 'À/+' is used to emphasise that adaptation was 'motion-balanced' (see Fig. 1 and also text for details). (b) Retinal velocity aftereffect following simultaneous adaptation (circles) and retinal-only adaptation (squares). Perceived-speed data have been normalised to the baseline condition. Error bars are ±1 SE. assess, especially given that Haarmeier et al did not report the error associated with the baseline. Some idea can be obtained by using the mean of the errors associated with their other two adaptation conditions. This estimate is shown as the dashed error bar in Fig. 2a . The result suggests a similar degree of overlap between adaptation conditions. It is important to point out, however, that one cannot directly infer the significance of within-subjects effects based on error bars that define 'between-subjects' variability.
Two further features of the perceived-stability data are worth noting. First, null velocities are mostly positive, which means that test stimuli moved in the same direction as the eye movement at the null point. This is an example of the Filehne illusion-a stationary stimulus appears to move against the pursuit. Second, the null velocities in Haarmeier et al.'s study were lower overall. A number of stimulus factors could explain this overall shift in baseline levels (see Section 5). The most obvious is the presence or absence of the upper patch of dots. Though this was displayed to equate the spatial configuration used in the two phases of the experiment, its inclusion could have produced salient relative motion between upper and lower dot patterns. Different retinal motion mechanisms may therefore have encoded image movement in the two studies (Freeman & Harris, 1992; Shioiri, Sadanori, Sakurai, & Yaguchi, 2002; Snowden, 1992) , possibly leading to different types of retinal adaptation and differences in the way stability was judged (Mack & Herman, 1978) . This issue was investigated in a control experiment, the results of which are discussed later. Fig. 2b shows the results for the velocity-aftereffect phase of Experiment 1. The data have been normalised to the settings in the single baseline condition. This ratio factors out the effect of stimulus size on perceived speed (approx. 40% reduction using our stimulus configuration) and also accounts for the fact that each test speed was unique to individual observers (see Section 2.1). A ratio equal to one implies no velocity aftereffect; a ratio less than one means that adaptation lowered perceived retinal speed. The results indicate the latter, with the perceived slowing more pronounced when the adapting retinal speed was faster. A two-way ANOVA showed significant main effects of adaptation type (F(1, 5) = 11.66, p = .020) and retinal speed (F(1, 5)=7.05, p = .045) but no interaction (F(1, 5) = 1.18, p = .326). Hence removing pursuit produced a uniform increase in retinal velocity aftereffect. The reasons for this are unclear. One possibility is that the actual eye movements made during simultaneous motion adaptation changed the effective speed of the adapting retinal motion. However, eye movement recordings showed that under-pursuit was slight at around 5.5%, compared to negligible eye movements in the retinal-only adaptation condition. Hence the actual retinal speed experienced during adaptation cannot account for the difference in velocity aftereffect. Other possible reasons are taken up in Section 5.
Velocity aftereffect
Influence of upper patch
The potential influence of the upper patch was investigated in two control experiments. For perceived stability, baseline and adaptation at the faster retinal speed (25.5°/ s) were crossed with the presence/absence of the patch. Without the patch, the stimulus consisted of a rectangular window of moving dots presented below the pursuit target. The results are shown in Fig. 3a . There was a significant decrease in null points when the patch was removed (F(1, 5)=16, p = .01). However, the magnitude of the decrease was small and so can only account for a small portion of the baseline shift between the current study and Haarmeier et al. As in the main experiment, the effect of adaptation was borderline (F(1, 5)=5.94, p = .059). The interaction between baseline/adaptation and presence/ absence was not significant (F < 1).
For the velocity aftereffect, the presence/absence of the patch was crossed with simultaneous and retinal-only adaptation, again using the faster retinal speed. These four conditions were normalised to a single 'no-adapt' baseline that always contained the upper patch (as in the main experiment). Note that unlike the perceived-stability control experiment above, the upper patch's presence was essential during test trials so could only be removed during adaptation trials.
The results are shown in Fig. 3b . All normalised matches are all less than one, showing that adaptation lowers perceived retinal speed regardless of the presence/absence of the upper patch. This was more so for adaptation containing the patch (F(1, 4)=13.47, p = .02). As in the main experiment, retinal-only adaptation produced more slowing than simultaneous adaptation (F(1, 4)=53.60, p = .002).
In summary, the results of Experiment 1 show that simultaneous motion adaptation produces a change in perceived stability and also retinal velocity aftereffect. Contrary to the claim made by Haarmeier and colleagues and others (Crowell & Andersen, 2001; Haarmeier et al., 2001; Haarmeier & Thier, 1996) , simultaneous motion adaptation affects retinal motion sensing. The critical question is whether this on its own can account for the perceived-stability data. This was addressed by Experiment 2.
Experiment 2: Interactions between retinal and extraretinal velocity aftereffects
To explain the effects reported by Haarmeier et al. and others, I propose that simultaneous motion adaptation creates not one but two velocity aftereffects. One is retinal and the other is extra-retinal. These compete to drive the null point in opposite directions, so the overall change in perceived stability depends on the relative size of the consequent aftereffects. To understand this, it is first easier to think about the null points as retinal velocities not screen velocities, as shown in the top left portion of Fig. 4a . By definition, the neural estimates of retinal and pursuit velocity are equal and opposite at the null point. According to the classical model:
where r is the retinal gain defining the estimate of retinal motion, e is the extra-retinal gain and R null the retinal motion at the null point. By simple rearrangement:
Simultaneous adaptation therefore changes the gain ratio (e/r) according to the relative 'strength' of the adapting motions. When pursuit speed is considerably faster than retinal speed, extra-retinal adaptation dominates. The extra-retinal gain decreases, making the gain ratio smaller and driving the null point upwards. Conversely, when retinal speed is faster, retinal adaptation dominates. The gain ratio should now increase, driving the null-point down.
The results of Experiment 1 and Haarmeier et al. (2001) go some way in supporting this classical account-however, the data are not particularly decisive because the combinations of (P, R) adapt used produced borderline effects. This is not detrimental to the account put forward here because the current model proposes that the magnitude of perceived-stability change depends on the relative 'strengths' of retinal and extra-retinal adaptation. According to the results of Experiment 1, these were reasonably similar, with the slower retinal speed producing a small advantage to the extra-retinal velocity aftereffect and the higher retinal speed producing a small advantage to the retinal velocity aftereffect. In order to test this idea further, Experiment 2 was designed to investigate a greater range of relative adaptation speeds, including an adaptation condition without any retinal motion. This particular condition was designed to isolate an extra-retinal velocity aftereffect.
Methods
The perceived-stability experiment consisted of one baseline and four adaptation conditions, presented in randomised blocks. The four adaptation conditions were all motion-balanced. Adaptation contained trials consisting of (P, R) adapt = (+8, 0), (+8, À4), (+8, À8) or (+8, À16) mixed equally with trials containing (P, R) adapt = (À8, 0), (À8, +4), (À8, +8) or (À8, +16). Pursuit speed was lowered partly to determine whether the effects of simultaneous motion adaptation were the preserve of higher pursuit speeds only.
The test trials were the same throughout: (P, R) test = (+8, S). In agreement with the current model, the results suggest a competitive interaction between two velocity aftereffects, one based on pursuit and one based on retinal motion. Closer inspection of the data suggests that the underlying sig- Adapting to pursuit drives the null point upwards whereas adapting to retinal motion drives it down. The effect of simultaneous motion adaptation on perceived stability is thus seen as a competitive interaction between two velocity aftereffects, one retinal and one extra-retinal. The size and direction of the change will depend on the relative strength of the two aftereffects. (b) Perceived stability for a range of simultaneous adaptation speeds. Crucially, the null-point rises when the adapting pursuit is accompanied by no retinal motion (P, R) = (±8, 0)°/s and steadily moves downward as adapting retinal speed is increased. Error bars are ±1 SE. nals are not equally susceptible to motion adaptation. The condition that returns perceived stability to baseline requires about half the speed of retinal adaptation compared to pursuit (compare conditions (0, 0) and (+8, À4) in the figure) . Accordingly, when adaptation speeds are equal in condition (+8, À8), perceived stability drops below baseline by a similar amount. This implies a 2:1 weighting in favour of retinal motion adaptation.
Results and conclusions
It is difficult to see how a reference-signal model could explain these particular features of the data. Consider condition (+8, À8), where the adaptation speeds are equal and opposite. This presents no mismatch between eye movement and expected retinal motion and so no reason for the reference signal to adapt. Yet the results show a clear effect. Moreover, in condition (+8, 0) there is no differential retinal motion during adaptation because all dots move along with the pursuit target (and window). These adaptation trials therefore call for a 'natural' type of eye movement, namely pursuit of a moving object (albeit one that consists of two patches and a central spot). Yet to explain the effect of adaptation, the reference-signal model must claim that this situation presents the observer with a mismatch between eye movement and retinal motion.
Experiment 3: Directional tuning
Haarmeier et al. (2001) also investigated whether the change to perceived stability depended on the relative directions presented during test and adaptation. The greatest change was found when adapt directions were 'congruent' with the test e.g. (P, R) test = (P, R) adapt = (+, À). Conversely, no change occurred when adaptation directions were 'incongruent' e.g. (P, R) test = (+, À) and (P, R) adapt = (À, +). Lying somewhere in between was the motion-balanced 'mixed' condition investigated in Experiments 1 and 2.
It is possible that the behaviour of the retinal velocity aftereffect in these various conditions could account for these findings. Studies using one-dimensional grating stimuli suggest that the aftereffect is directional-tuned (Ledgeway & Smith, 1997; Muller, Gopfert, Leineweber, & Greenlee, 2004; Smith, 1985; Smith & Edgar, 1994; Thompson, 1981) . However, the tuning is not usually as extreme as that reported by Haarmeier et al. because adaptation in the opposite direction also produces a retinal velocity aftereffect (e.g. Smith & Edgar, 1994; Thompson, 1981) . If the incongruent condition produces a retinal velocity aftereffect but no change in perceived stability then the classical model could not easily account for Haarmeier et al.'s findings. Experiment 3 was therefore designed to compare perceived stability and velocity aftereffect as the relative direction between adaptation and test was manipulated.
Methods
The perceived-stability phase of Experiment 1 was repeated using different direction mixtures of test and adaptation trials. Only the higher of the two retinal adaptation speeds was investigated. Four conditions were compared: a baseline no-adapt condition; a 'congruent' condition, where (P, R) test = (+13.5, S) and (P, R) adapt = (+13.5, À25.5)°/s; a 'mixed' condition, where adaptation trials were motion-balanced as Experiment 1; and an 'incongruent' condition, where (P, R) test = (+13.5, S) and (P, R) adapt = (À13.5, + 25.5)°/s. The velocity-aftereffect phase was also investigated, using the 'retinal-only' adaptation of Experiment 1. This condition was chosen mainly because it more obviously isolates changes to retinal-motion sensing, especially in the face of the differences found between retinal-only and simultaneous motion adaptation in Experiment 1.
Four observers participated in this experiment. All other details were the same as before. The results in Fig. 5a only hint at the directional tuning found by Haarmeier et al. Thus, despite the suggestion of a similar trend between the two data sets, a one-way ANOVA on the three adaptation conditions showed no significant effect of direction type (F(2, 6)=3.302, p = .108). Importantly, as suggested by Fig. 5b , no significant directional tuning of retinal velocity aftereffect was found (F < 1). The lack of directional tuning was therefore internally consistent, thus supporting the classical account outlined here. Perceived stability was not significantly directional tuned and neither was the retinal velocity aftereffect.
Results and conclusions
It is therefore tempting to suggest that had Haarmeier et al. measured the retinal velocity aftereffect for their observers and their stimuli, they would have obtained more pronounced changes in perceived retinal speed than found here. According to the classical account of their data, they should have found a large retinal velocity aftereffect in the congruent condition and none in the incongruent condition. But even with such data to hand, the difference between the two studies remains puzzling. A mitigating factor may be the complex relationship between stimulus, relative direction and the velocity aftereffect. This is discussed in more detail below.
Discussion
Simultaneously adapting to pursuit eye movement and retinal motion produces changes in perceived stability. The current experiments replicate this effect, confirming that the size and direction of the change depends on the relative speed between eye movement and retinal movement. Importantly, the current experiments also demonstrate that simultaneous motion adaptation produces changes in perceived retinal speed. This suggests that motion-balancing does not control for changes to retinal signals contributing to the computation of perceived stability, contrary to previous claims. Motion-balancing is a technique that eliminates illusory movement in stationary stimuli (the motion aftereffect) but not one that eliminates changes in the way retinal speed is estimated (the velocity aftereffect).
This casts doubt on the claim that the retinal signal remains unchanged, a claim that appears to be central to the reference-signal model. I therefore described how the classical model could account for the data. First, a retinal velocity aftereffect acts to drive perceived stability in one particular direction, by changing the gain of the retinal signal. Second, in order to account for the fact that perceived stability can go up as well as down, an extra-retinal velocity aftereffect competes to drive perceived stability the other way. A second experiment showed that the effects of simultaneous adaptation seem to depend on the relative strengths of these two velocity aftereffects. Indeed, on closer inspection, the reference-signal model had difficulty in accounting for an adaptation condition that presented no mismatch between eye movement and consequent retinal motion. In the absence of such a mismatch the reference signal need not be adjusted, yet this condition produced changes in perceived stability when compared to baseline. Taken together, these results suggest that simultaneous motion adaptation alters retinal and extra-retinal inputs to the stability computation, in accordance with the classical model.
Perceived stability and judgements of speed during pursuit depend on numerous factors such as spatial-frequency content, contrast, duration, eccentricity and even age (de Graaf & Wertheim, 1988; Freeman, Naji, & Margrain, 2002; Post & Leibowitz, 1985; Raymond, 1988; Raymond et al., 1984; Wertheim, 1987; Wertheim & Bekkering, 1992) . Differences along these dimensions may help explain why the degree of pursuit compensation varies across studies, including differences between the current study and Haarmeier et al.'s. To take some examples, Mack and Herman (1978) report 60-70% compensation loss for the Filehne illusion, whereas the control participants in Haarmeier, Thier, Repnow, and Petersen (1997) show virtually no Filehne illusion at all. The former study used a single dot stimulus whereas the latter used a larger dot pattern (and a wider range of pursuit speeds). In comparison, I have previously reported gain ratios for the Aubert-Fleischl phenomenon and Filehne illusion between 0.4 and 0.7 using smaller dot patterns, equating to compensation losses of 60-30% (Freeman, 2001) . De Graaf and Wertheim (1988) show compensation losses of around 40% for briefly presented peripheral dot patterns. Further afield, Souman, Hooge, and Wertheim (2005) report gain ratios <0.6 for most of their observers using a single dot that moved in a different direction to pursuit. This equates to compensation losses of >40%.
Some authors have taken the dependence of compensation on various stimulus factors as evidence of changes to reference signals (e.g. Wertheim, 1994) or retinal modulation of extra-retinal signals (e.g. Post & Leibowitz, 1985; Raymond et al., 1984) . But one first needs to consider how these factors affect the inputs to the compensation process before invoking these higher-order mechanisms (e.g. Freeman, 2001; Freeman & Banks, 1998) . Based on the survey of previous studies above, such factors are also likely to lie behind the overall baseline shift seen between the current experiments and Haarmeier et al.'s data. For instance, size was not equated across studies, nor spatial frequency, contrast or even age. Nevertheless, despite dif- ference in baseline levels, the two studies show similar changes in perceived stability when the relationship between pursuit and retinal adaptation speeds was manipulated.
The similarities did not extend to the investigation of directional tuning in Experiment 3. However, I also failed to find any significant directional tuning for retinal velocity aftereffect, so the absence of directional tuning in the perceived-stability data was to be expected. Nevertheless, the lack of directional tuning in one study compared to strong directional tuning in the other is difficult to explain. One clue may lie in the fact that the interaction between the spatiotemporal stimulus properties and the directional tuning of the retinal velocity aftereffect is a complex one. The way perceived speed changes following adaptation to same or opposite directions depends on the relative contrast and relative speed between adaptation and test (Hammett et al., 2005; Muller et al., 2004; Smith, 1985; Smith & Edgar, 1994; Thompson, 1981) . It is obviously difficult to generalise from these predominantly one-dimensional stimuli to the broad-band random dot stimuli used in the current study and Haarmeier et al.'s. However, studies of retinal velocity aftereffect do show that the changes to perceived retinal speed brought about by motion adaptation are not straightforward. This reinforces the message that to understand the compensation process one needs to understand the inputs that serve it.
Simultaneous motion adaptation has also been shown to affect the accuracy of perceived heading during pursuit (Crowell & Andersen, 2001; Haarmeier et al., 2001; Haarmeier & Thier, 1996 Tikhonov et al., 2004) . The current model suggests that these effects also follow from competitive changes in extra-retinal and retinal motion processing. In support of this, compensation for pursuit when judging heading exhibits similar errors to that associated with the Filehne illusion (Freeman, 1999; Freeman, Banks, & Crowell, 2000) . This suggests that the same compensation mechanism underpins judgements of stability and heading, at least for the relatively sparse visual conditions investigated in these papers.
It is difficult to measure the extra-retinal velocity aftereffect directly. For instance, to investigate the retinal velocity aftereffect in the current experiments, I used a matching procedure that relied on the retinotopic nature of retinal motion adaptation (though see Snowden & Milne, 1997) . It is doubtful whether the same procedure could be used to measure an extra-retinal velocity aftereffect because its close neighbour, the extra-retinal MAE, is not thought to be retinotopic (Chaudhuri, 1991a) . Designing an informative speed-matching experiment is therefore problematic because both match and test regions are arguably influenced by extra-retinal adaptation.
Nevertheless, I did find a difference in the size of retinal velocity aftereffect when retinal-only and simultaneous motion adaptation were compared in Experiment 1. It is unclear whether this is evidence for an extra-retinal mechanism that is retinotopic. For instance, an alternative is that attention somehow modulates the differences between the two adaptation protocols. The standard MAE is known to be modulated by attention (Chaudhuri, 1990) as is the processing of retinal motion by areas MT/MST (Huk, Rees, & Heeger, 2001) . Attention may therefore affect the size of the velocity aftereffect. If this were the case, the smaller retinal velocity aftereffect may arise from the differences in attention needed to pursue a moving target following simultaneous adaptation, compared to fixating a static one in retinal-only adaptation. Another possibility is that the retinal motion is more variable during simultaneous adaptation because pursuit gain changes from trial to trial. Thus, less time would be spent adapting at the appropriate retinal speed than during the retinalonly adaptation condition.
What mechanisms govern the extra-retinal velocity aftereffect? Eye-movement adaptation leads to afternystagmus, a term describing the continued execution of the eye movement in the absence of any stationary references (Gizzi, Raphan, Rudolph, & Cohen, 1994; Muratore & Zee, 1979; Schor & Westall, 1986) . Importantly, repetitive pursuit to small targets produces a similar effect (Chaudhuri, 1991b; Muratore & Zee, 1979) . Chaudhuri suggested that afternystagmus suppression may underlie the extra-retinal motion aftereffect, an idea that sits well with the finding that suppression mechanisms are thought to underlie a number of other motion phenomena, such as the oculogyral illusion (Evanoff & Lackner, 1987) .
Other mechanisms could be involved. Afternystagmus disappears in the dark, predicting that extra-retinal MAE should not store across the same period of darkness. This turns out to be the case when adapting to reflexive eye movement . However, a deliberate pursuit eye movement creates MAE that stores (Freeman & Sumnall, 2005) . This suggests greater cortical involvement during pursuit adaptation, not only because MST receives extra-retinal input during pursuit (Ilg et al., 2004; Newsome, Wurtz, & Komatsu, 1988; Thier & Erickson, 1992) but also because the area in which MST resides plays a key role in the storage phenomenon (Culham et al., 1999; Theoret, Kobayashi, Ganis, Di Capua, & Pascual-Leone, 2002) . It is possible that the extra-retinal velocity aftereffect shares a similar cortical basis.
